Genetic Relationships Between Two Rare Plant Species, \u3ci\u3eAliciella caespitosa\u3c/i\u3e and \u3ci\u3eA. tenuis\u3c/i\u3e, and Their Putative Progenitor, \u3ci\u3eA. subnuda\u3c/i\u3e by McCracken, Carrie L.
Utah State University 
DigitalCommons@USU 
All Graduate Theses and Dissertations Graduate Studies 
5-2001 
Genetic Relationships Between Two Rare Plant Species, Aliciella 
caespitosa and A. tenuis, and Their Putative Progenitor, A. 
subnuda 
Carrie L. McCracken 
Utah State University 
Follow this and additional works at: https://digitalcommons.usu.edu/etd 
 Part of the Biology Commons, and the Plant Breeding and Genetics Commons 
Recommended Citation 
McCracken, Carrie L., "Genetic Relationships Between Two Rare Plant Species, Aliciella caespitosa and A. 
tenuis, and Their Putative Progenitor, A. subnuda" (2001). All Graduate Theses and Dissertations. 7333. 
https://digitalcommons.usu.edu/etd/7333 
This Thesis is brought to you for free and open access by 
the Graduate Studies at DigitalCommons@USU. It has 
been accepted for inclusion in All Graduate Theses and 
Dissertations by an authorized administrator of 
DigitalCommons@USU. For more information, please 
contact digitalcommons@usu.edu. 
GENETIC RELATIONSHIPS BETWEEN TWO RARE PLANT SPECIES, 
ALICIELLA CAESPITOSA AND A. TENUIS, AND 
THEIR PUTATIVE PROGENITOR, 
A. SUBNUDA 
by 
Carrie L. McCracken 
A thesis submitted in partial fulfillment 
of the requirements for the degree 
of 
MASTER OF SCIENCE 
in 
Biology 
UTAH STA TE UNIVERSITY 
Logan, Utah 
2001 
Copyright © Carrie L. McCracken 2001 
All Right Reserved 
11 
ABSTRACT 
Genetic Relationships Between Two Rare Plant Species, Aliciella caespitosa and 
A. tenuis, and Their Putative Progenitor, A. subnuda 
by 
Carrie L. McCracken, Master of Science 
Utah State University, 2001 
Major Professor: Dr. Paul G. Wolf 
Department: Biology 
lll 
Isolated populations have potential to become new species that should have less 
genetic variation than their ancestors. Small populations are more likely to lose genetic 
variation, which is, thus, expected to be greater in ancestors . Aliciella caespirosa and A. 
tenuis, two endemic species, may be derived from small populations of A. subnuda, a 
widespread species. Chloroplast DNA sequences were used to test this hypothesis. 
Allozyme data were used to compare genetic variation and numbers of alleles. 
Chloroplast data do not support the proposed relationships between A. subnuda and the 
other two species. Allozyme data were not more variable in A. subnuda. The data 
suggest that A. tenuis is derived from A. caespitosa, although the former did not show 
lower allozyme diversity. I detected fewer alleles in A. tenuis. These data suggest that 
the original population of A. tenuis was not small enough to lose genetic variation 
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INTRODUCTION 
Evolutionary biology attempts to explain species histories and origins. Several 
theoretical models attempt to describe the process by which new species arise 
(speciation) (Mayr 1942; Endler 1977), and some models make predictions regard ing 
genetic variability of the speciating taxa (Gottlieb 1974). Unless we test these 
predictions during or soon after speciation, the expected genetic patterns become lost 
because of mutation, random genetic drift, and gene flow between populations. A more 
appropriate test of speciation models uses recently evolved species where the initial 
genetic changes are either still present or are little modified. Population genetic studies 
of very closely related species can test how well speciation follows the expected genetic 
trends of loss, or retention, of genetic variation predicted by the different models. 
Mod els of Speciation 
Charles Darwin (1859) suggested that new species arise from preexisting species 
by natural selection of the most fit members of a species. According to Darwin's theory, 
enough of these selective differences accumulate over time to give rise to a new species. 
Alfred Wallace, an island biogeographer, shared Darwin's claim on the original 
description of evolution. However, Wallace considered separation a more important 
factor than did Darwin (Wallace 1858). He was a proponent of the importance of 
separation between populations for the process of speciation to occur, as was another 
contemporary of Darwin's, Mority Wagner (cited in Wright 1931). Darwin (1859) 
downplayed the importance of isolation and the idea received littl e attention for decad es. 
Later, Wright ( 1931) introdu ced the concept of random genetic drift. Then the effect s of 
2 
population size and gene flow in genetic changes leading to speciation became more 
evident. When gene flow between populations is disrupted, the separated populations 
can evolve independently. The currently accepted models of speciation recognize the 
importance of isolation, but differ in their description of the distribution of the spec iating 
taxa. 
Though other models have been suggested (White et al. 1967; Endler 1977), 
parapatric, sympatric, and allopatric speciation are the three models that are the most 
commonly invoked. 
Parapatric speciation occurs when differences arise at opposite extremes of the 
range of contiguous populations of a species. This follows an isolation-by-distance 
model in taxa of low dispersal. According to the isolation-by-distance model there is a 
positive relation ship between geographic distance s between populations and the genetic 
difference s between them due to limited gene flow. Although the geographic ranges of 
the populations of the new species overlap, due to limited dispersal only a few 
individual s in the common zone have an opportunity to interbreed (Fig. 1). When 
parapatric speciation occurs, the new species has a di stribution contiguous with the 
ancestral species (Endler 1977) . For example, the lack of geographic isolation among 
"viatica" grasshopper species suggests that parapatric speciation occurred in this group 
(White et al., 1967) . In thi s case, chromosomal rearrangements appear to have caused 
reproductive isolation to maintain the newly formed distinct species. However, the null 
hypothe sis that random genetic drift is the source of change between two new species 
during parapatric speciation cannot be refuted. 






Fig. 1. Parapatric speciation. The bubbles represent geographic ranges. 
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1977) over the same geographic range (Mayr 1942). Soltis and Soltis (1989) described 
three sympatric species from the family Compositae, Tragopogon miscellus, T. dubius, 
and T. pratensis. Tragopogon miscellus is an allotetraploid hybrid of two diploid species, 
T. dubius and T. pratensis. Instantly, T. miscellus was reproductively isolated from its 
parental species because of the difference in ploidy level. 
Allopatric speciation ( called geographic speciation by Mayr 1942) occurs when 
two populations become geographically separated and either fall under different selection 
regimes or undergo random genetic drift. Because they are reproductively isolated, they 
can accumulate characters that are adaptive to their respective habitats. Random genetic 
drift can also act independently in reproductively isolated populations. Thus, selectively 
neutral characters or characters only slightly advantageous or even slightly detrimental 
can become more or less common due to sampling error each generation (Wright 1931). 
Over time, reproductive barriers may also evolve so that, even if the two species come 
into secondary contact, they cannot mate or produce viable offspring. 
There are two models of allopatric speciation: isolation of populations by physical 
barriers (vicariance events) and peripheral isolation (peripatric speciation) (Hartl and 
Clark 1989). In vicariance, the range of the species is divided by a physical event such as 
the rise of mountains between lowland species. For example, Bufo valliceps and B. 
nebulifer, two toad species, were separated by the formation of the Trans-Mexican 
Neovolcanic Belt (Mulcahy and Mendelson 2000). They are now morphologically and 
ecologically distinct. Peripheral isolation occurs when a small population is established 
on the edge of the species' range (see Fig. 2), often in a different habitat and thus 
separated from any other populations of the progenitor species. 
Vicariance 
Peripheral isolates 
Q ~Peripheral isolate 
Fig. 2. Allopatric speciation. The bubbles represent geographic ranges. The jagged 
line is a physical barrier to migration between populations. 
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The genetic trends expected from vicariance and peripatric speciation are 
different. If the ranges of two species resulting from a vicariance event are suffienctly 
large, both should initially maintain most of the genetic variation of the original species 
and then diverge from one another from that point. However, if speciation occurs by 
peripheral isolates ( or if a vicariance event results in a small isolated peripheral 
population), we expect the new species to have lower genetic variation due to random 
genetic drift resulting from the population bottleneck. We also expect that the new 
species should have a subset of the genetic diversity of the original species. Bottlenecks 
cause these changes because the few individuals in the isolate only represent a small 
genetic sample of the original species. This sampling bias followed by random genetic 
drift results in reduced genetic variation. Mayr (1954) described a likely case of 
spec iation by peripheral iso late s in kingfishers (Tanysiptera): kingfi sher populations on 
islands of New Guinea are each distinct species . The mainland populations represent a 
single species. A likely explanation is that a few individuals colonized each island 
followed by little migra tion to and from the mainland. Evidence from plant species 
sugges ts that peripatric speciation is the most common model by which new specie s 
evolve (Levin 1993) . In an example from the plant kingdom , Gottlieb (1974) suggested 
that Clarkia lingulata formed from peripheral isolates of C. biloba. Clarkia lingulata has 
a small range on the periphery of the much larger range of C. biloba. Gottlieb found that 
C. lingulata has fewer alleles and lower genetic variation than C. biloba, as may be 
expected when one species is derived from another. 
Predictions of Peripatric Speciation (The 
Progenitor-Derivative Species Model) 
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Several predictions can be made regarding the population genetic structure of 
species arising via peripatric speciation. The derivative species is predicted to have less 
genetic variation than the population(s) from which has budded. Genetic variation can be 
estimated using mean expected heterozygosity, number of alleles per locus, and the 
portion of polymorphic loci using allozyme data (Gottlieb 1973) . Mean heterozygosity is 
the expected number of heterozygous individuals according to Hardy-Weinberg 
proportions (based on known allele frequencies) averaged over all loci. Number of 
alleles per locus is the number of different forms of a particular locus. The portion of 
polymorphic loci is the fraction of the loci that come in multiple forms - those loci that 
have mor e than one allele per locus. The alleles of the isolate are predicted to represent 
only a subse t of the alleles of the source due to samplin g error in a population bottleneck. 
Because it has a small sample size, the iso late may not include all of the alleles of the 
so urce spec ies due to random chance. In addition, because the probability of an allele 
reaching fixation (i.e., the only allele at a locus) through random genetic drift is inver sely 
related to the size of the population ( l/2N e, Ne= effective population size) (Wright 
1931 ), the probability of rare alleles approaching fixation is higher in isolated 
populations than larger population s or populations with significant gene flow with other 
populations . With time , we may also expect a few unique alleles in the derived species 
from mutation after isolation. These are also subject to drift and may increase in 
frequency . The differences between the progenitor and the isolate will also depend on 
the relationship between the samp ling effect of the initial isolate , recovery of variation 
(via mutation or gene flow), and the evolution ofreproductive barriers and _species 
differences. 
These differences between a progenitor and a derivative species may also be 
found between common and rare species. Initially, a derived species has a smaller range 
than the progenitor. Over time, some species may spread well beyond their original 
range, whereas some become extinct. Others may persist but never expand their ranges 
due to adaptation to unique habitats in these small initially colonized areas (Levin 1993). 
This phenomenon may explain some rare endemics. Many studies have found less 
neutral genetic variation in endemic plants than in their more common congeners 
(Gottlieb et al. 1985; Loveless and Hamrick 1988; Pleasants and Wendel 1989). 
Intuitively, reduced genetic variation may be expected to negatively affect a species 
ability to adapt to a changing environment. However, there are many confounding 
variables associated with reduced genetic variation, such as mating system and seed 
dispersal mechanism. It may be impossible to single out the effect of reduced genetic 
variation. Furthermore, reduced genetic variation can be caused by inbreeding. 
Inbreeding can result in decreased fitness (inbreeding depression) as was documented in 
small populations of Gentianella germanica (Fischer and Matthies 1998) . Fischer and 
Matthies ( 1998) found that the smaller populations of G. germanica have lower genetic 
variation and lower fitness than larger populations, as measured by seeds per plant and 
flowers per planted seed. Thus, the interplay between population size, mating system, 
seed dispersal, and other demographic factors can affect genetic variation via genetic 
drift, gene flow, and inbreeding. 
The underlying goal of my thesis is to test the predictions of the peripatric model 
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using two rare plant species of Aliciella (Polemoniaceae) and their putative? progenitor. 
If good evidence is available for a progenitor/derivative relationship, then it is possible to 
test whether the derived species have less genetic variation than their progenitor. In my 
study system the ranges of such taxa are not sympatric and there is no known 
hybridization as would be expected in parapatric species. I will test for evidence of the 
progenitor/derivative relationship and then test for genetic trends that are predicted to be 
found in the derived species. 
Comparing Species for Levels of 
Genetic Variation 
Allozyme electrophoresis is one approach to determining the level of genetic 
variation within and among populations and determining the presence of shared or unique 
alleles. This technique is useful for studying within -species variation and relationships 
between closely related species. Each individual in a population is assigned a genotype 
based on the mobility of particular enzymes that are separated on a gel when an electrical 
current is applied . Enzyme systems represent one or more putative loci. Once the 
number of loci in a given enzyme system is known, within each locus enzyme s of 
different mobility are considered different alleles of that locus and different genotypes 
should be observed. Allozyme electrophoresis can be a useful marker system because the 
markers are co-dominant. Even rare alleles that are only present in heterozygotes are 
detected. Also, no assumptions of independence of markers need to be made because the 
enzyme systems are well understood. Evolutionary relationships between closely related 
species can then be estimated based on the presence of alleles. If the alleles of one 
species are a subset of alleles of another species, the first species may be a derivative 
species of the other. Often, there is a priori evidence of peripatric speciation such as 
current geographic distributions or range sizes (Gottlieb, 1973; Crawford and Smith 
1982; Crawford et al. 1985; Pleasants and Wendel 1989; Purdy and Bayer 1995); 
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however, in at least one study, the progenitor-derivative relationship was only suggested 
after the genetic data were analyzed (Rieseberg et al. 1987). Most of these studies were 
conducted without information on the phylogenetic relationships between the 
populations. 
Relationships Among Recently 
Arisen Species 
Systematists describe the historical evolutionary relationships between taxa at 
multiple levels. Some systematists believe that taxa must be monophyletic (see Fig. 3) 
(Hen nig 1966). A monophyletic lineage includes the most recent common ancestor of a 
gro up and all of its descendants (Donoghue and Cantino 1988) . If speciat ion occurs by 
vicariance events, the resulting species will be monophyletic by definition . 
However , if speciation occurs by peripheral isolates , the ancestra l lineage often 
persist s as the progenitor population . From the point in evo lutionary history wher e all of 
the populations have a common ancestor , one or a few branches have become the new, 
derivative spec ies. All other branches are mod ern members of the ancestral (or 
progenitor) species (see Fig. 4). In this case, the progenitor species is paraphyletic. A 
paraphyletic taxon does not include all of the descendants of the common ancestor. 
Thus , if new morphologically and/or ecologically distinct species form via peripheral 
isolation , the progenitor of newly derived species is not monophyletic. Rieseberg and 




Fig. 3. Examples of monophyletic , paraphyletic, and polyphyletic species. Terminal 
nodes within a bubble represent one species. 
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Periph era l Isolate 
Progenitor species 
I 
Fig. 4. Phylogenetic and biogeographic relationships between peripheral isolates and 
the progenitor species. The tree represents the phylogenetic relationship between the 
populations of the progenitor species and the peripheral isolate . The bubbles represent 
the geographic ranges of the progenitor species and the peripheral isolate . 
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because of peripatric speciation. 
Estimating Phylogenetic Relationships 
Among Species 
13 
Before testing whether there is evidence for lower genetic variation in the 
allozymes of the putative derivative species, the progenitor-derivative relationship should 
be confirmed with data independent of the allozyme data. Cytoplasmic sources of data, 
such as the mitochondrial and chloroplast genomes, can provide a marker system 
independent of the nuclear markers. Organellar genomes have a separate history from 
that of the nuclear genome and they are non-recombining. Chloroplasts tend to be 
matrilineally inherited in most angiosperms (Palmer 1987). Chloroplast genetic data can 
complement nuclear genetic data because they record different aspects of an organism's 
history. For example, a bottleneck would affect the two genomes differently. Because 
diploid organisms have two copies of each nuclear gene, the effective population size of 
nuclear genes is 2Ne, where Ne is number of individuals contributing to the gene pool in 
subsequent generations. However, the chloropla st genome is haploid and only half of the 
population (females) contribute to future generations. Therefore , the effective population 
size of chloroplast genes is ½ Ne (Birky et al. 1983). Thus , during a population 
bottleneck, the chloroplast genes are more susceptible to the effects of random genetic 
drift , such as fixation or loss of alleles. Bottlenecks not severe enough to affect the 
nuclear genes may, therefore, reduce the diversity of chloroplast genes. There is more 
likely to be a loss of polymorphisms in the chloroplast genes at speciation so that the 
population s of derivatives are more likely to be evolved from one or only a few 
genotypes, resulting in a paraphyletic or polyphyletic (see Fig. 3) phylogenetic tree based 
14 
on the cytoplasmic information. 
There are limitations to using any single gene to reconstruct phylogenetic history. 
The phylogeny of a single gene may reflect only a part of the history of the species. 
Maddison (1997) describes a few causes of this such as lineage sorting. Lineage sorting 
is caused by genes having diverged along different lines before the species themselves 
diverged (A vise and Wollenberg 1997) (see Fig. 5). Polymorphic parental lines 
randomly pass on various alleles to daughter lineages. Polymorphisms may or may not 
be retained. However, this does not occur as often with chloroplast genes as with nuclear 
genes. Because the effective population is smaller for chloroplast genes, it is less likely 
that polymorphisms will be retained during a bottleneck such as during peripatric 
speciation. Gene duplication is primarily caused by unequal crossover during 
reco mbination and can also complicate the relationship between gene tree and species 
tree with nuclear ge nes. However, this does not occur with chloroplast genes because 
there is no recombination . 
Chloroplast gene lineages may also be complicated by events such as gene 
capture (Rieseberg and Soltis 1991). When introduced to a population through 
hybridization, a chloroplast genome is more likely than introduced nuclear genes to 
become fixed in the population due to its smaller effective population size. However, if a 
species does not hybridize extensively, the gene tree based on chloroplast genes is likely 
to represent the species tree and can complement data based on nuclear genes. 
The Study Organisms 
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Fig. 5. A gene tree within a species trees in an example of lineage sorting. The trees 
outline represent s the history of species A, B, and C. Species B and Care sister species. 
The dashed line within the tree outline represents the history of a gene of these species. 
According to the gene tree , species A and B are sister species. 
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the phlox family. These species were formerly members of Gilia section Giliandra 
(see Porter 1998). They are perennial herbaceous plants with showy flowers. All three 
species considered here have salverform corollas of similar lengths: 11.0-17.0 mm in A. 
subnuda (Cronquist 1972), 11.0-19.0 mm in A. caespitosa (Porter and Heil 1994a), and 
9.0-17.0 mm in A. tenuis (Porter and Heil 1994b), respectively. Both A. subnuda and A. 
caespitosa have red flaring corollas (Porter 1993) and are visited by hummingbirds and 
bees (Porter and Heil 1994a). Corollas in A. tenuis do not as flare as much as do the 
corollas of the other two species. Aliciella tenuis 's corollas are blue (Porter 1993) and 
are visited primarily by hawkmoths (Porter and Heil 1994b). In all three species, the 
anthers can be included or slightly exserted, sometimes varying within a flower 
(Cronquist 1972; Porter and Heil 1994a, 1994b ). Aliciella caespitosa and A. tenuis grow 
in rock crevices on cliff faces and in washes. Aliciella subnuda is most commonly seen 
grow ing in road cuts and washes. 
Aliciella caespitosa and A. tenuis are both rare endemic plants of southern Utah. 
Aliciella caesp itosa is found on the north ern edge of A. subnuda' s range in Capitol Reef 
National Park and on Boulder Mountain in Dixie and Fishlake National Forests and on 
nearby Bureau of Land Management (BLM) land s (Fig. 6, 7, and Table 1). Aliciella 
tenuis occurs north of A. caespi tosa on the western San Rafael Swell, and rarely in the 
northern part of Capitol Reef National Park (Fig. 7 and Table 1). Porter (1993) 
examined phylogenetic relationships for 15 species of Aliciella section Ali ciellandra, 
including these three species that were placed in what he called the "subnuda" group that 
also includes another separate branch of the species pair of A. haydeni and A. formosa . 
He used morphological characters and molecular sequences from nuclear ribosomal 
Gs2 







o 100 km 
Fig. 6. Locations of populations of Aliciella subnuda (Gs2, Gs3, Gs4, Gs5, Gs6, Gs7, 
Gs9, and GslO) used in this study. 
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Fig. 7. Locations of Aliciella caespitosa (Gel, Gc4, Gc6, Gc7 , Gel 7, and Gcl8) and A. 
tenuis (Gtl, Gt3, Gt6, and Gt7) used in this study. 
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Table 1. Locations of eight populations of Aliciella subnuda, six populations of 
Aliciella caespitosa, and four populations of Aliciella tenuis collected for this study. 
Population Number 
number Seecies Location Location descrietion sameled 
Gs2 Aliciella N 38°15.84' Wayne Co., UT , Notom Rd, 1.4 43 
subnuda w 111 °7.75' mi S of rt 24 
Gs3 Aliciella N 37°53' Garfield Co., UT, Burr Trail, 1.2 30 
subnuda w 111°24 ' mi E of rt 24 
Gs4 Aliciella N 37°28.5' Kane Co., UT, rt to Kodachrome 11 
subnuda w 111°52.5' Park, 31.3 mi N of rt 89 
Gs5 Aliciella N 37°27.5 ' Kane , Co., UT, rt to Kodachrome 7 
subnuda w 111°51.5' Park, 29.7 mi N of rt 89 
Gs6 Aliciella N 36°22' Coconino Co., AZ, rt 20, 23.0 mi 30 
subnuda w 111°25.5' S of rt 89 near Page 
Gs7 Aliciella N 35°45' Apache Co., AZ, rt 264, 21 .5 mi 25 
subnuda w 110° W of Ganado 
Gs9 Aliciella N 37°32.5' San Juan Co., UT, rt 95, 1.1 mi W 30 
subnuda w 109°46' of Indian Ruins 
Gsl0 Aliciella N 37°59' San Juan Co., UT, rt 211, 1.5 mi 31 
subnuda w 109°30' W of Newspaper Rock 
Gel Aliciella N38° 16.95' Wayne Co., UT, Boulder Mt., W 25 
caespitosa w 111 °29.27' of Teasdale 
Gc4 Aliciella N 38°13.88' Wayne Co., UT, Boulder Mt., S 24 
caespitosa W 111 °24.63' of Teasdale 
Gc6 Aliciella N 38°19.27' Wayne Co., UT, Fish Lake Nat'! 18 
caespitosa w 111 °30.32' Forest, Rock Canyon 
Gc7 Aliciella N 38°18.12' Wayne Co., UT, Capitol Reef 25 
caespi tosa w 111° 14.82' Nat' I Park , Longleaf Flats 
Gcl7 Aliciella N 38°19.09' Wayne Co., UT, Capitol Reef 13 
caespi tosa w 111°14.99' Nat'l Park, Spring Canyon 
20 
Table 1. Continued. 
Population Number 
number Seecies Location Location descrietion sameled 
Gtl Aliciella N 38°39.6' Sevier Co., UT, above the Last 25 
tenuis w 111 °18.5' Chance Desert 
Gt3 Aliciella N 38°34' Emery Co., UT, Moroni Peak 16 
tenuis w111 °10' 
Gt6 Aliciella N 38°41' Emery Co., UT, Prickly Pear 25 
tenuis w 111 °2' Bend in Muddy Creek 
Gt7 Aliciella N 38°41.6' Emery Co., UT, near Prickly Pear 25 
tenuis w 111°3.5' Bend in Muddy Creek 
intertranscribed spaces (ITSl and ITS2) to infer a phylogeny based on one or two 
individuals from each species. Porter's work suggests that A. caesp itosa and A. tenuis 
are sis ter spec ies that are recently derived from the more common A. subnuda. 
These three species provide a system to address fundamental evolutionary 
questions. The geographic ranges of A. subnuda, A. caespitosa, and A. tenuis suggest 
progenitor-derivative species relationships (Fig. 6, 7). Both A. caespitosa and A. tenuis 
have small ranges peripheral to the larger range of A. subnuda that is found throughout 
southern Utah and northern Arizona. The northern part of A. subnuda 's range includes 
Capitol Reef National Park, where the two rare species are found, suggesting the possible 
source of parent material for the two rare species (Porter 1993). If these are progenitor-
derivative species, we expect certain trends. The derivative species is expected to have 
less genetic variabi lity than the progenitor species and the alleles of the derivative species 
are expected to be a subset of the alleles of the progenitor species. 
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Objectives 
My first objective is to test the hypothesis (H 1) that my study species represent 
progenitor and derivative species pairs. This includes three possible progenitor-
derivative species pairs, A. subnuda and A. caespitosa, A. subnuda and A. tenuis, and A. 
caespitosa and A. tenuis (if speciation has occurred by a series peripheral isolates-first 
A. caespitosa, then A. tenuis--exploiting more northerly habitats). This was tested with a 
phylogenetic analysis of the relatedness of the populations of these three species using 
sequence information. Using more individuals throughout each species' range than in 
Porter's (1993) study, I can better test this hypothesis. Second, I will test the hypothesis 
(H2) that derived species have less genetic variation than their progenitor against the null 
hypothesis that the genetic variation of the derivative species is no less than that of the 
progenitor species. More specifically, I can use the phylogeny to test the hypothesis (H3) 
that the alleles of the derivative species are a subset of the alleles of the progenitor 
specie s. 
If tests of the fir st hypothesis reveal a progenitor-derivative species pair, the tests 
of the second two hypothese s can test whether derivatives are less variable than their 
progenitor and have fewer species-specific alleles . However, if the test of the first 
hypothesis does not show support for a progenitor-derivative relationship between 
species, the results of testing the other two hypotheses are still interesting . For example, 
it is possible that we may still observe lower genetic variation and fewer species-specific 
alleles in the putative derivative species. There are other evolutionary phenomena that 
could cause this result, such as bottlenecks in the well-established species. This would 
suggest that, by themselves, low er genetic variation and fewer species-specific results do 
not necessarily indicate that a species is a recent derivative of a congener. . Sister 
species separated by vicariance could have differences in genetic variation unrelated to 
speciation. 
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MATERIALS AND METHODS 
Sampling Strategy 
I sampled leaf tissue from eight populations of A. subnuda (see Table 1 and Fig. 
6). The sites were located using herbarium records from UNL V, UT, BRY, and ASC 
(codes according to Holmgren et al. 1974) and were selected to represent the known 
range of A. subnuda. I collected plant tissue from six populations of A. caespitosa and 
four populations of A. tenuis at the sites described by Porter and Heil (1994a, 1994b) 
representing the known range of the species (see Table 1 and Fig. 7) . Collections were 
made in collaboration with land managers. 
Tissue Collection Techniques 
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From each population of A. tenuis and A. caespitosa, I samp led tissue from 13 to 
25 individual plants (Table 1). In order to minimize impact, the tissue that I collected 
from each plant totaled no more than one gram and no more than 5% of the total above-
ground vegetative tissue (estimated). Reproductive tissue was not sampled . Tissue was 
kept on ice while in the field. In the laboratory, the tissue was stored at 5°C. 
For populations of A. subnuda, more tissue was collected. Because it is a 
common species, there is less concern regarding the impact of collection. I sampled 
severa l leave s from between 17 and 43 individual plants in each population. One plant 
specimen from each population was deposited as a voucher at the Intermountain 
Herbarium (UTC). After collection, the tissue was kept in the same conditions as the 
tissue from A. caespitosa and A. tenuis were. Extra plant tissue from A. subnuda was 
used in preliminary optimization of the protocols. 
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Allozyme Electrophoresis 
I used Soltis and others' (1983) Tris HCl grinding buffer system with 4% PVP 
and I% 2-mercaptoethanol to grind leaf tissue. Proteins were separated in 12% starch 
gels using the gel and electrode buffer systems in Table 2. They were then stained usi ng 
the schedules described in Soltis et al. (1983). Genotypes at 11 loci (Table 2) were 
inferred based on how each enzyme is known to migrate on a gel (Weeden and Wendel 
1989). 
Analysis of Allozyme Electrophoresis 
I used BIOSYS (Swofford and Selander 1981) , a computer software package for 
use with electrophoresis data, in order to estimate genetic variability as measured by 
expected heterozygosity estimated from allozyme frequency data (based on the Hardy 
Weinberg [H-W] model using Nei's [1978] method) , alleles per locus , and percent 
polymorphic using 100% criterion to include all alleles. Usually, if a single allele occurs 
in 95 % of the individuals at a locus, the locus is considered monomorphic and the alleles 
occurring less in than 5% of then individu als are not included in analysis. In this study , 
rare alleles are considered potentially important, so all alleles are included. I also 
counted alleles for eac h species, noting which were spec ific to each species and which 
were shared between species. Species-specific alleles are tho se that only occur in one 
species. 
Analysis of Chloroplast DNA 
DNA was extracted from one individual from each of the 18 total study 
populations using a chloroform method, the Nucleon Phytopure Kit (Amersham Life 
Table 2. Allozyme loci analysed on Aliciella subnuda, A. caespitosa, and A. tenuis 
and the buffer systems used with each allozyme. Enzymes commission numbers are in 
parentheses. The number of alleles is in brackets. 
Buffers 11 (Soltis et al 1983) 6(Soltisetal.1983) 
Enzymes GOH (1.4.1.2) [2] TPI-1 (5.3.1.1) [2] 
G3PDH (1.2.1.9) [1] TPI-2 (5.3.1.1) [2] 
PGM-1 (5.4.2.2) [3] ME ( 1.1.1.40) [2] 
PGM-2 (5.4.2.2) [2] ADH (1.1.1.1) [3] 
PGM-3 (5.4.2.2) [2] PGI-2 (5.3.1.9) [ 4] 
6pgd-1 (1.1.1.44) [1] 
Science, Buckinghamshire, England). Three individuals representing outgroups to the 
study organisms, based on Porter's (I 993), work were included. Outgroups are closely 
related specie s, outside the study group, that are used to root a phylogenetic tree . 
Similarities between the outgroup and the ingro up are assumed to ancestral. DNA was 
extracted from an herbarium sample of Aliciella haydenii (GH93) from COLO (code 
according to Holmgren et al. 1974). L. Johnson (Brigham Young University, Provo, 
Utah) provided DNA for A. hutchinsonii (G93069) and A leptomeria (G93008). 
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A non-codin g reg ion of the chloroplast genome between two tRNA coding 
regions (trnT and trnL) was amplified using the polymerase chain reaction (PCR). The 
primers for the non-coding region that I used (primers a and b) are described in Taberlet 
et al. (1991 ). In these three species of Aliciella, these primers amplify a region that is 
approximate ly 700 base pairs long (length varies eve n within species). I used cycle 
sequencing of double-stranded PCR product employing the PRISM Ready Reaction Dye 
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Deoxy Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA). 
Sequencing was done on ABI 377 and ABI 373 automatic sequencers. Sequences were 
compiled and aligned using the software Sequencher 3.1 (Gene Codes Corporation, Ann 
Arbor, MI). Porter's (1993) work suggests that for these species there is only a sho rt 
time since divergence of these species. Thus, few changes are likely to have accumul ated 
between the species. Therefore, I chose a non-coding region because selection does not 
usually act on non-coding regions so they have higher rates of substitution . I recorded 
differences in the chloroplast DNA sequence within populations. Five individuals from 
each of two populations from all three species (Ge 1, Gc7, Gs 10, Gs6, Gtl, and Gt7) were 
included. Sequences for all individuals within each population were aligned and any 
differences noted. 
Phylo ge net ic relation ships were inferred from sequen ce data by parsimony 
methods with PAUP 4.0b2 (Swofford 1999) on a Power Macinto sh 9600/300. Gap s were 
trea ted as a fifth character state following Hibbett et al. (1995) so that adjacent base-pair 
position s within gaps are trea ted as a single character. I explored many possible shortest 
trees using heuri stic sea rches (Maddison 199 1). This involved runnin g 100 random ord er 
entry sea rche s (w ith TBR swa pping and MULTREES selected). Branch support on the 
shortest tree s was assesse d with bootstrap resampling of characters ( 1000 replicate 
heuristic searches with random taxon addition). Bootstrapping values are estimated by 
creating pseudoreplicates of each taxon in the data set generated by resampling loci from 
the original data set with replacement. Trees are created from these datasets. The 
bootstrap value for a branch is the proportion of those trees which have that branch. The 
bootstrap values can be used to evaluate the branches of the tree. 
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RESULTS 
Chloroplast DNA Sequence 
Of the 693 base-pairs that were sequenced (Appendix), 85 were variable. Of 
these, 33 were parsimony-informative. However, some of these were adjacent base-pair 
positions within a gap. Therefore, following Hibbett et al. ( 1995), these 85 variable base-
pair positions represent 63 variable characters and the 33 parsimony-informative base-
pair positions represent 19 parsimony-informative characters. 
Of the six populations (two populations for each of the three species, Gel, Ge 7, 
GslO, Gs6, Gtl, and Gt7) in which five individuals were sequenced, five populations 
(Gel, Gc7, Gsl0, Gs6, and Gtl) had no within-population variation. One individual 
from each of these populations was includ ed in later analyses as a representative of the 
population . The other population (Gt7) had one individual (Gt7-23) with a single base-
pair difference. For thi s population, two individuals were included in later analyses, one 
with the common seq uence (Gt7-l) and the one with the divergent sequence (Gt7-23). 
Phylogenetic Analysis 
A phylo ge netic tree based on the strict consensus of the 23 shortest trees was 
generated (Fig. 8). There is 85% boot strap support for Porter 's (1993) "s ubnuda " group 
as monophyletic. However, there is no bootstrap support for separating A. haydenii from 
A. subnuda, A. caespitosa, and A. tenuis . There is 65% bootstrap support for putting A. 
caespitosa and four of the five sampled A. tenui s into a monophyletic group. These four 
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Fig. 8. Strict consensus of the 23 shortest trees of Aliciella subnuda, A. caespitosa, and 
A. tenuis based on parsimony using chloroplast DNA sequence data. Values above the 
lines are percent of bootstrap consensus. Only bootstrap values above 50 are shown. 
Values below the lin es are branch length s. Numbers in parenthe ses are the number of 
indi vidual s from that population that are represe nted. 
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caespitosa/tenuis group. There is no bootstrap support for placing all A subnuda into a 
monophyletic group . There is one A. tenuis sequence (shown as Gtl in Fig. 8) that 
cannot be resolved as separate from any other members of the "subnuda" group. Because 
it has an unusually long branch length relative to the other individuals in this analysis, it 
may cause problems in the analysis. Long branches of the evolutionary tree may be 
joined together even though they may not really share an evolutionary history. When this 
sample was removed from the data and the analysis was repeated, I found a single 
shortest tree (Fig. 9). This resulted in the members of A. subnuda forming a 
monophyletic group with 79 % bootstrap support. Therefore I reject the hypotheses that 
either A. caespitosa or A. tenuis is recently derived from A subnuda. Conversely, I 
found support for the hypothesis that A. tenuis is recently derived from A. caespitosa. 
Genetic Variation 
Frequencies for each allele detected using allozyme electrophoresis were 
calculated for each population (Table 3). Two loci sampled were monomorphic . Six of 
those nine that were polymorphic had only a common allele and one rare allele. 
Mea sures of the mean heterozygo sity based on the Hardy-Weinberg model, the mean 
alleles per locus , and the percent polymorphic loci with no criterion for each population 
are presented in Table 4. No criterion was used for calling a loci polymorphic because 
rare alleles were an important component of genetic variation. These rare alleles were 
often the ones that were specific to a species. For each species, the mean of each of the 
three measures of genetic variation was calculated (Table 4 ). For none of these measures 
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Fig. 9. The shortest tree of Aliciella subnuda , A. caespitosa, and A. tenuis (except A. 
tenuis population s Gtl-1) based on parsimony usin g chloroplast DNA sequence data . 
Values above the lines are percent of bootstrap con sensu s. Only bootstrap values abov e 
50 are shown. Values below the line s are branch lengths. Numb ers in parenth eses are 
the numb er of indi victuals from that population that are repre sented . 
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Table 3. Allele frequencies from allozyme data from each population of Aliciella 
subnuda, A. caespitosa, and A. tenuis. 
Population 
Locus Gs2 Gs3 Gs4 Gs5 Gs6 Gs7 Gs9 GslO Gel 
PGI-2 
(N) 43 30 11 7 30 25 30 31 26 
A .000 .000 .000 .000 .000 .000 .000 . 016 .385 
B .000 .167 . 000 .000 . 017 .000 .000 .000 . 558 
C . 942 .683 .818 .857 .850 .580 . 983 .903 .000 
D .058 .150 .182 .143 .133 .420 .017 .081 .058 
TPI-1 
(N) 43 30 11 7 30 25 30 31 26 
A .000 . 000 . 000 . 000 . 000 .000 . 000 .000 .000 
B .000 .000 .000 . 000 . 000 .000 . 000 . 000 .019 
C 1.000 1.000 1.000 1.000 1 . 000 1.000 1 . 000 1 . 000 .981 
D . 000 .000 . 000 .000 .000 .000 . 000 . 000 .000 
TPI-2 
(N) 43 30 11 7 30 25 30 31 26 
A .000 .000 .000 .000 .000 .000 . 000 .000 .000 
B .000 .000 . 000 .000 .0 00 .000 .000 .000 .000 
C 1.000 1.000 1.000 1.000 1.000 1 .000 1.000 1.000 1.000 
ME 
(N) 42 30 11 7 30 25 30 31 26 
A .000 .000 . 000 .000 .000 . 000 .000 .000 . 000 
B . 000 .000 .000 .000 .000 . 000 . 000 .016 .000 
C .988 .983 1.000 1 . 000 1 . 000 1.000 1.000 .952 1.000 
D . 012 .017 .000 .0 00 .000 .000 .000 .032 .000 
ADH 
(N) 14 17 6 4 26 15 25 24 25 
A .0 00 . 000 .0 00 .0 00 .000 . 000 .000 . 000 . 000 
B . 000 .0 00 .0 00 . 000 . 000 .000 . 000 .000 .000 
C 1 .00 0 .971 1 . 000 1.000 1 . 000 .900 1.000 1.000 .820 
D .000 .029 . 000 .000 .0 00 .100 . 000 .000 . 180 
PGM-1 
(N) 43 30 11 7 29 25 29 31 26 
A . 000 .000 .000 .0 00 . 000 . 000 . 000 .0 00 .000 
B . 000 . 000 . 000 . 000 .017 . 000 .000 .0 00 .000 
C 1 . 000 1.000 .95 5 1.000 .759 . 960 .983 1.000 . 962 
D . 000 .00 0 . 04 5 .0 00 . 224 .040 . 017 .000 .038 
PGM-2 
(N) 43 30 10 7 30 25 30 31 26 
A .000 . 000 .000 .0 00 . 000 . 000 .000 . 000 .000 
B .0 00 . 000 .000 . 000 .000 .000 .0 00 .000 .000 
C .965 1 . 000 1 .0 00 . 929 1 . 000 1 . 000 1 . 000 1.000 .981 
D . 035 . 000 .000 .0 71 .000 . 000 .0 00 .000 .019 
PGM-3 
(N) 43 30 10 7 30 25 30 31 26 
A . 000 .000 . 000 . 000 .000 . 000 .000 . 000 .000 
B .012 . 000 . 000 .00 0 . 017 . 000 . 000 .000 .019 
C .988 1.000 1.000 1.000 .9 83 1.000 1.000 1.000 .981 
6PGD1 
(N) 43 30 11 7 29 24 29 28 26 
A .0 00 . 000 .000 . 000 . 000 .0 00 . 000 .000 .000 
B . 000 . 000 . 000 .0 00 . 000 . 000 .000 .0 00 .000 
C 1 .0 00 1 . 000 1.000 1.000 1 . 000 1 .000 1 . 000 1 .0 00 1.000 
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Table 3. Continued. 
Population 
Locus Gs2 Gs3 Gs4 Gs5 Gs6 Gs7 Gs9 GslO Gel 
GDH 
(N) 31 29 9 5 25 23 22 19 25 
A .000 .000 . 000 .000 .000 .000 .000 .000 .000 
B .000 .000 .000 .000 .000 .000 .000 .000 .000 
C 1.000 1.000 1.000 1.000 . 980 1.000 1 . 000 1 . 000 1 .00 0 
D .000 .000 .000 . 000 .020 .000 . 000 .000 .000 
G3PDH 
(N) 43 30 10 7 30 25 29 31 26 
A .000 .000 .000 .000 . 000 .000 .000 .000 . 000 
B . 000 .000 .000 .000 . 000 .000 .000 .000 .000 
C 1 . 000 1.000 1.000 l. 000 . 983 1.000 1.000 1.000 1.000 
D .000 .000 .000 .000 . 017 .000 .000 .000 .000 
Population 
Locus Gc4 Gc6 Ge? Gcl7 Gcl8 Gtl Gt3 Gt6 Gt? 
PGI-2 
(N) 24 18 27 13 28 28 16 30 30 
A .417 .000 .259 .231 .018 .964 .781 .617 .583 
B . 292 .36 1 .130 .346 .125 .036 .219 . 383 . 417 
C . 292 . 250 . 537 .346 .839 .000 .000 .000 .000 
D .000 .389 .074 . 077 .018 .000 .000 .000 .000 
TPI-1 
(N) 24 18 27 13 28 28 16 30 29 
A . 000 .000 .000 . 000 .000 .000 .000 .000 .000 
B . 000 .000 . 000 .000 .000 .000 . 000 .000 .000 
C 1 . 000 1.000 1.000 1.000 1 . 000 1.000 1.000 1 . 000 .966 
D .000 .000 .000 .000 . 000 .000 .000 .000 .034 
TPI-2 
(N) 24 18 27 13 28 28 16 30 30 
A . 000 . 000 .000 .000 .000 .000 .000 .000 .000 
B .000 . 000 . 000 .000 . 000 . 000 . 000 .000 .000 
C 1.000 1 .0 00 1.000 1 . 000 1 . 000 1.000 1.000 1 . 000 1.000 
ME 
(N) 24 18 27 13 28 27 15 30 30 
A . 000 .000 .000 .000 . 000 .000 .000 .000 . 000 
B .000 . 000 . 000 .000 . 000 .000 .0 00 . 000 .00 0 
C 1.000 1.000 1 . 000 1 .0 00 1.000 1.000 1 .0 00 1 . 000 1.000 
D .000 .000 .000 . 000 . 000 .000 . 000 . 000 .000 
ADH 
(N) 16 10 23 12 20 25 16 12 8 
A .0 00 . 000 . 000 .0 00 . 000 .00 0 .000 .000 .000 
B . 188 .0 00 .000 .00 0 . 000 .000 .000 . 000 .000 
C . 813 1 .000 1 .000 .917 1 .000 .640 .438 . 958 .875 
D .000 .0 00 .000 .083 .000 .360 .563 . 042 .125 
PGM-1 
(N) 23 13 23 13 18 28 16 30 29 
A .000 . 000 .000 .0 00 . 000 .0 00 . 000 . 000 .000 
B . 000 . 000 . 000 .000 . 000 .000 .000 . 033 .052 
C .97 8 1.000 . 957 .96 2 1.000 1 .0 00 1.000 . 817 .948 
D . 022 . 000 . 043 .038 .000 .000 .0 00 . 150 .0 00 
Table 3. Continued. 
Population 
Locus Gc4 Gc6 Gc7 Gcl7 Gcl8 Gtl Gt3 Gt6 Gt7 
PGM-2 
(N) 22 15 23 12 24 27 15 30 29 
A . 000 .000 .000 .000 .000 .000 .000 .000 .000 
B . 000 .000 .000 .000 .00 0 .000 .000 .000 .000 
C . 977 1 . 000 1.000 1.000 1.000 1.000 1.000 1.000 .983 
D .023 . 000 .000 .000 .000 . 000 .00 0 .00 0 . 017 
PGM-3 
(N) 23 15 22 12 20 28 16 30 29 
A .000 .000 . 000 .000 .00 0 .000 .000 .000 .000 
B .000 .000 .000 .000 .000 .000 .000 .000 .017 
C 1.000 1 .000 1.000 1.000 1.000 1.000 1.000 1.000 . 983 
6PGD1 
(N) 24 18 27 13 28 28 16 30 30 
A .000 .000 .000 .000 .000 .000 . 000 .000 .000 
B .000 .000 .000 .000 .000 .000 . 000 .000 . 000 
C 1 . 000 1.000 1.000 1.000 1 . 000 1.000 1.000 1.000 1.000 
GDH 
(N) 24 18 23 13 26 26 13 13 21 
A .000 .000 .000 .000 . 000 .000 . 000 .000 .000 
B .0 00 . 000 .000 .00 0 . 000 . 000 .000 .0 00 . 000 
C 1.000 1. 000 .97 8 1 . 000 1.000 1.000 1.000 1.000 1.000 
D .000 .000 .022 .000 . 000 .0 00 .0 00 .000 .000 
G3PDH 
(N) 24 12 24 13 27 28 16 30 30 
A . 000 .000 .000 .000 .000 .000 .000 . 000 .000 
B .000 . 000 . 000 . 000 .000 .000 .000 .000 .000 
C 1.000 1.000 1.000 1.000 1.000 1.000 1 . 000 1.000 1.000 
D .000 . 000 . 000 . 000 .000 .000 . 000 .000 .000 
presumed derivative spec ies, includin g A. caesp itosa and A. tenuis. Therefore the data 
are not consistent with the model of less ge net ic variation in der ivative spec ies than in 
their progenitors. 
Speci es-Specific Alleles 
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Species-specific alleles were found for each species. Aliciella subnuda has three; 
A. caespitosa has two; and A. tenuis has one, providing some support of the hypothesis 
that derived species (such as A. tenuis) have fewer species-specific alle les than their 
progenitors (such as A. caespitosa) (Fig. 10). However, the results of the phylogenetic 
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Table 4. Genetic variability for each population and each species of Alici ella subnuda, 
A. caespitosa, and A. tenuis based on allozyme data. 
Population/ Mean hetero zygosity Mean percent polymorphi c 
Specie s based on H-W model Mean alleles/locus (no criterion) 
Gs2 0.020 1.36 36.36 
Gs3 0 .052 1.36 27.27 
Gs4 0.035 1.18 18.18 
Gs5 0.034 1.18 18.18 
Gs6 0.067 1.64 45.45 
Gs7 0.068 1.27 27.27 
Gs9 0.006 1.18 18. 18 
Gs!0 0.025 1.36 18. 18 
Aliciella 0.038 (S.E. = 0.022 ) 1.32 (S.E. =0. 16) 26.13 (S.E. = 10.24) 
subnuda 
Ge l 0.093 1.64 54.55 
Gc4 0.095 1.45 36.36 
Gc6 0.060 I. 18 9.09 
Gc7 0.068 1.45 27 .27 
Gcl7 0.084 1.45 27.27 
Gcl8 0.025 1.27 9.09 
Alicie l/a 0.071 (S.E. = 0.026) 1.4 1 (S.E. =0.16) 27.27 (S.E. = 17.25) 
caesp itosa 
Gt! 0.048 1.18 18. 18 
Gt3 0.076 l. I 8 18.18 
Gt6 0.078 1.36 27 .27 
Gt7 0.085 1.55 54.55 
Aliciella 0.072 (S.E. = 0.016) 1.32 (S.E. =0. I 8) 29.55 (S.E. = 17.2 1) 
tenuis 
Aliciella subnuda Aliciella caespitosa 
3 3 2 
0 
1 
Aliciella tenu is 
Fi g. 10. Numb ers of alleles prese nt in eac h spec ies, in eac h pair of species, and in all 
thr ee spec ies. 
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analysis do not support the hypothesis that A. subnuda is the recent progenitor of the 
other two species. The fact that it has the most species-specific alleles suggests that 
phenomena other than recent peripatric speciation could account for differences in 
species-specific alleles. The three species-specific alleles for A. subnuda are MEb, MEd, 
and G3PDHd . Aliciella caespitosa is the only species in which TPI-1 band ADHb occur. 
The only species-specific allele in A. tenuis is TPI-ld. Aliciella subnuda and A. tenuis 
share an allele, PGM-1 b, that is absent in A. caespitosa. There are three alleles, PGI-2c, 




The phylogeny based on sequences of a region of the chloroplast DNA (Fig. 9) is 
inconclusive. For the separation of the A. caespitosa/A. tenuis clade from A. subnuda, I 
am unable to reject the hypothesis of speciation by vicariance. It is possible that the 
distribution of the progenitor species became split and subsequently Aliciella subnuda 
and the progenitor of A. caespitosa and A. tenuis evolved separately. As it is, we only 
know that there are fixed differences between A. subnuda and the A. caespitosa/A. tenuis 
group, indicating that the latter two share a unique common ancestor. This phylogeny 
does not refute that peripatric speciation could have occurred long ago. All populations 
in which several individuals were sampled for sequence data were found to lack 
variation, except in the one A. tenuis population. An alternative hypothesis to speciation 
by vicariance is that the population of A. subnuda that became isolated and served as the 
origin of the A. caespitosa/A. tenuis group was fixed for a different sequence than other 
members of A. subnuda, at least on the geographic scale that was sampled for this study. 
A second alternative hypothesis is that the separateness of A. subnuda and the A. 
caespitosa/A. tenuis group is older than previously hypothesized; that over time, 
differences between these organisms have become fixed and the progenitor is now 
monophy letic. 
The relationship between A. caespitosa and A. tenuis suggests that A. caespitosa 
is the progenitor of A. tenuis. Aliciella tenuis is a monophyletic taxon nested within the 
group of A. caesptiosa populations. Because populations of A. caespitosa appear to be 
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fixed for the sampled sequence, it is possible that an original isolate population that 
became A. tenuis was fixed for differences from other conspecific populations of A. 
caespitosa. 
The geographic distributions of these three species are congruent with the 
alternative hypothesis that there have been two peripatric speciation events: A. caespitosa 
from A. subnuda first (a hypothesis that these data cannot refute), and then A. tenuis from 
A. caespitosa more recently (a hypothesis that these data support). This is consistent with 
what is known of the historical geology and ecology of western North America. As the 
last ice age ended about 10,000 years ago and the climate became warmer (Stanley 
1986), the more northerly and higher altitude habitats became available for exploitation 
by new species. These species could reflect a series of peripheral isolates succeeding in 
exploiti ng these newly available habitats. 
One troubling anoma ly is the sequence for the population of A. tenuis referred to 
as Gtl. Five individuals from this population were sampled for sequence data and all had 
the same sequence. No data were collected on potential morphological or ecological 
differences from other populations of A. tenuis . One possible explanation for the 
difference in this population of A. tenuis is introgression (Rieseberg and Soltis 1991; 
Soltis et al. 1991). It is possible that seed of another sexually compatible species were 
introduced to the site. Relative to nuclear genes, organellar genes have a quarter of the 
effective population size. With this smaller effective population size, the population is 
likely to reach fixation of particular version of the chloroplast genome. The site of this 
population is the site of the two endemic species most prone to human disturbance. It is 
possible that seed of another Aliciella species were introduced by a vehicle passing on the 
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road that meanders through the population. 
Genetic Variation 
Analysis of the data on genetic variation based on allozyme electrophoresis 
suggests that the genetic variation in the presumed derivative species (Aliciella 
caespitosa and A. tenuis) is no less than that of the presumed progenitor species (A. 
subnuda and A. caespitosa) for all three hypothesized progenitor/derivative species pairs 
(A. subnuda/ A. caespitosa, A. subnuda/ A. tenuis, and A. caespitosa/ A. tenuis). The 
expected loss of genetic variation is not observed in these data, resulting in a lack of 
support for the hypothesis of a bottleneck at the origin of the presumed derivative 
species. 
Species-Sp ecific All eles 
Analysis of species-specific alleles reveals a pattern consistent with peripatric 
speciation of any of the hypothesized progenitor-derivative pairs (A. subnuda and A. 
caespitoa, A. subnuda and A. tenuis, and A. caespitosa and A. tenuis). The presumed 
progenitor, Ali ciella subnuda , has the most species-specific allele s. These alleles may 
have been lost in a bottleneck to form the derivative species. Then the rare species-
specific alleles persi st in the smaller initial populations of the derivative populations, 
reaching frequencies great enough to persist. Alternatively, the different number of 
species-specific alleles may be a result of different sample sizes. Most species-specific 
alleles were found in A. subnuda, for which I sampled the most populations. The sample 
size for A. tenuis was smallest and the least species-specific alleles were found. However, 
these differences in samples sizes may simply reflect the real situation in nature. The 
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species for which I have the greatest sample size is the species with the greatest known 
distribution. Collections were limjted by known occurrences. Furthermore, the results 
from the chloroplast DNA sequences do not support the hypothesis that A. subnuda is the 
progenitor of the other two species. However, it appears that A. caespitosa may be the 
progenitor to A. tenuis. Because the number of species is few, it is difficult to make 
robust tests of hypotheses. 
Implications 
This study demonstrated the usefulness of using both nuclear and organellar data 
sets. The allozyme data, which are encoded by nuclear genes, do not suggest a lower 
level of genetic variation in the presumed derivative species. However, the chloroplast 
data do suggest a common point of origin at the speciation of A. tenuis. Use of both data 
sets suggests that there was a single point of origin. However, this single point of origi n 
did not cause a bottleneck that was severe enough to affect the nuclear genome. Use of 
only one data set would provide only a part of the story. Studies that have determined 
that one species was not derived from another based on allozyme data may have been 
missing valuable information. It is possible that there are bottlenecks that do not result in 
reduced allozyme diversity. Even during these periods of small populations size, there 
may be enough individuals to maintain the nuclear genomic variation of the larger 
historic population. 
The study may have been strengthened by more complete sampling of the 
chloroplast genome. This may have provided a better-supported phylogenetic tree . 
Some branches were based on a single base-pair difference. More data from other non-
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coding regions of organellar DNA may have provided better support or refutation. 
Some branches did not have bootstrap support. More data may have been able to better 
support some of these branches. However, even with so little genetic variation, there was 
strong bootstrap support for the three species. There seems to have been sufficient data 
for finding species differences. 
I may have been able to better test my hypotheses with more samples. My 
sampling may simply have not been complete enough to find an individual of A. 
caespitosa with genetic material from which the genetic material of A. tenuis is derived. 
There may be populations of A. caespitosa that maintain the genetic material from which 
A. tenuis is derived. I was limited in collecting because much suitable habitat within the 
range of the species is inaccessible by humans. This region is characterized by difficult 
terrain. For example, some A. caespitosa plants were not collected because they grow in 
a crack in a smooth rock wall several meters above the ground. A population of A. tenuis 
was not collected because it grows in the bottom of a steep canyon with rock walls 
hundred s of meters high. Other occurrences may not be described because of such 
limitation. There are a limited number of known occurrences of these two rare endemic 
species . When sampling from each of these few locations, care must be taken not to 
impact the future success of that population. Only a limited number of individuals and a 
limited amount of tissue can be sampled . 
These results may have implications for the conservation of biological diversity, 
highlighting the importance of protecting populations on the periphery of the range of a 
species. Genetic diversity represented in isolated populations may be important sources 
of change from the original species. These distinct peripheral populations may even be 
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the most viable in a changing environment at times. They may represent the potential 
for new variations or even , over time, new species, as appears to have happened in the 
formation of A. tenuis . 
In conclusion, use of chloroplast DNA to determine whether there is a progenitor-
derivative relationship was inconclusive . Aliciella subnuda is monophyletic, suggesting 
that neither A. caespitosa nor A. tenuis is recently derived from within a clade of A. 
subnuda. The two endemics have greater allozyme variation than their presumed 
progenitor. However, there are fewer species-specific alleles in these two species. 
Alone, the allozyme evidence would support a progenitor-derivative relationship between 
species, despite the lack of phylogenetic evidence from the chloroplast DNA sequence. 
There is evidence that A. tenuis is derived from A. caespit osa. The species-specific 
alleles are fewer in the A. tenuis, as predicted . However, Aliciella tenuis does not have 
the expec ted lower allozyme var iation than A. caespitosa. 
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APPENDIX 
Chloroplast DNA sequence data species from primer a of Taberlet ( 1991) for sample 
individuals from each population of Aliciella subnuda, A. caespitosa, and A. tenuis and 
individuals representing outgroup species, A. haydenii, A. hutchinsonii, and A. 
leptomeria. Dots denote identities and serru-colons deletions. In this case N's are 
rrussing data. 
Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs 5 7 
Gs 6 9 
Gs_7_1 
Gs 9 13 
Gs 10 27 
Ge 1 19 
Ge_4_50 
Ge 7 33 
Ge_17_9_ 
Ge 18 3 
Gt 1 1 
Gt_3_1_ 
Gt 6 30 
Gt_7_1_ 
Gt 7 23 
GGCTCACATAACATAAATTTGACATGCATAGGAATTTAATAAAATATT 
.... ....... ........ .. .... .. G ................... . 
........................... G ................... . 
A. haydenii . .............. . . ...... c . ... ................. . . . 
A. hutchinsonii . .............................................. . 
A. leptomeria .. . .... .. ....... .. .. . . .. . ...... A ............... . 
Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs_5_7 
Gs 6 9 
Gs_7_1 




Ge 7 33 
Ge_17_9_ 
Ge_18_3 
Gt 1 1 
Gt 3 1 
Gt 6 30 
Gt 7 1 
Gt 7 23 
GGAATCTTAGCTATTA: :CTTATTCGATTAATT: :TCGATTCAATT:C 
.................................... K .......... . 
. ....... ...... .... ....... . .......... T .......... . 
. .. . .... ........ AT .... :G.T .... C . . AT.T .... : .... T. 
A. haydenii ............................................... . 
A. hutchinsonii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
A. leptomeria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs_5 _7 
Gs 6 9 
Gs_7_1 
Gs 9 13 
Gs 10 27 
Ge 1 19 
Ge 4 50 
Ge 7 33 
Ge_17_9_ 
Ge 18 3 
Gt 1 1 
Gt_3_1_ 
Gt 6 30 
Gt 7 1 
AGAATTCA:T: : :A::: : :::: :TGAATATAAAATATTCATATATAAT 
.... .. ...... . . .. .... .... .... ..... ... A.: . A .... : :. 
.. .......................... . . .. ... .... R ....... . 
: .. : .. .. A .. TC . GAA ....... TC .... G .. : ... : A . A .... : : . 
Gt_7_23 ..... . .... . ...................... .. ............ . 
A. haydenii .... .. ...... ..... .... ....................... . .. . 
A. hutchinsonii. . . . . . . . T ATTC . GAA TT CAT A . . . . . . . . . . . . . . . . . . . . . . . . . 
A. /eptomeria ............................................... . 
Gs 2 30 
Gs_3_3_ 
Gs 4 11 
Gs_5 __ 7 




Ge 1 19 




Gt 1 1 
Gt_3_1_ 
Gt 6 30 
Gt 7 1 
: : : : : : : : : :CGAATTGCAAATAAATATTGAATATTTTCAAACATAAC 
.................. . R .......................... . . 
CATATATAAT .......... . ... ..... ..... ..... . ..... .. . 
............... K ............................... . 
... ... .. .. ... .. .......... .. .. ..... . .. .. G ....... . 
....................................... G ....... . 
........................ . .............. G ....... . 
....................................... G ....... . 
....................................... G ...... . . 
.. .. ................................... G .. ..... . 
........................ . ... . ...... .. .. G ....... . 
CATATATAAT ............................. G ....... . 
....................................... G ....... . 
................... . ................... G ... . . .. . 
................................ . ... . .. G ....... . 
Gt 7 23 ................... R . .................. G . ... ... . 
A. haydenii ....................................... G ....... . 
A. hutchinsonii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . 
A. leptomeria ....... . ............................... G ....... . 
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Gs _ 3_ 3_ 
Gs 4 11 
Gs _ S_ 7 
Gs 6 9 
Gs_7 _ 1 
Gs 9 13 
Gs _ 10 _ 27 
Ge 1 19 
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Ge_7_33 
Ge 17 9 
Ge 1 8 3 
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Gt_3_1_ 
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Gt _ 7_ 1_ 
Gt 7 23 
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. ...... . . . ..... . .. G .. ....... . .. . . .......... .. .. . 
A. haydenii . ...... . ....... . . .. . .... .. .. . . ... .. ... . .. .. . . . . . 
A. hutchinsonii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
A. leptomeria 
Gs_2_30 
Gs 3 3 
Gs_4_11 
Gs_S_7 
Gs 6 9 
Gs_7_1 
Gs_9_13 






Gt 1 1 
Gt_3_1_ 
Gt 6 30 
Gt_7_1_ 
Gt 7 23 
CATATTGTTTTCTATATTGTATTTTCTATCGATTTCTATATTCCATAA 
S . ... K ... . Y .... . . K . .. . K ......... . ...... .. ..... . . 
. . . . . K .. . ........ G .. R . .. C ... Y .. . . YY .... .. C . ... . . 
. . . . .......... . G ..... . . . .. . .... . ... ... ... . . . . . . . 
... . .. . ...... . . G . ... . ......... . . ..... ... .. .. .. . . 
A. haydenii . ... . . ..... .. . . .. . ... . .... . . .... ......... . .... . . 
A. hutchinsonii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . 
A. leptomeria .. . . . . ..... ... . ...... . . . ... .. .... ...... .. .. .. . . . 
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Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs 5 7 
Gs 6 9 
Gs_7_1 
Gs 9 13 
Gs 10 27 
Ge 1 19 
Ge 4 50 
Ge 7 33 
Ge_17_9_ 
Ge 18 3 
Gt 1 1 
Gt_3_ 1_ 
Gt 6 30 
Gt 7 1 
Gt 7 23 
AAAGTTG: :AAGATAAATTGAATTAATTT:AATAGAAAATCTAATTAA 
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A. haydenii .................................... ... . ..... .. . 
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Gs 3 3 
Gs 4 11 
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Gs 6 9 
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Ge 17 9 
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Gt 1 1 
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Gt 6 30 
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Gs_2_30 
Gs 3 3 
Gs 4 11 
Gs_5_7 
Gs 6 9 
Gs 7 1 
Gs_9_13 
Gs 10 27 
Ge_1_19 
Ge 4 50 
Ge_7_33 
Ge 17 9 
Ge 18 3 
Gt 1 1 
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Gt 6 30 
Gt 7 1 
Gt 7 23 
ACTCCTACGCTTTCATTCGTAAAAGT 
M ...................... NNN 
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.......... NNNNNNNNNNNNNNN 
A. haydenii .. ..... .... ........ . ..... . 
A. hutchinsonii. . . . . . c . . . . . . . . . . T . . . . . . . N 
A. leptomeria . . . . . . c . . . . . . . . . . T . . . . . . . . 
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Chloroplast DNA sequence data species from primer b of Taberlet et al. (1991) for 
sa mple individual s from each population of Aliciella suhnuda, A. caesp itosa, and A. 
tenuis and individuals representing outgroup species, A. hayde nii, A. hutchinsonii , and A. 
leptomeria. Dots denote identities and semi-colons deletions. In this case N's are 
missing data . 
Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs_5_7_ 
Gs 6 9 
Gs_7_1_ 
Gs 10 27 
Gs_9_13 
Ge 1 19 
Ge_4_50 
Ge 7 33 
Ge_17_9 
Ge_18_3 
Gt 1 1 
Gt_3_1 
Gt 6 30 
Gt 7 1 
Gt 7 23 
AAAAAAAAAGAATCGACCGTTTAAGTATTAAAAATTACATGAGAAATT 
............................. c ................. . 
............................. c ...... ........... . 
........... ......... . .. .. . ... c ................. . 
. ... ... ............. ......... c ................. . 
............................. c ................. . 
...... . .... ....... ........... c ................. . 
............................. c ................. . 
NNNNNNN ............ K . K .. S .... CN .... W ........... . 
. .............. .. ... ...... ... c ................. . 
............... . ... ........ .. c ..... .... .. . .... . . 
A. haydenii ............................. c ................. . 
A. hutchinsonii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . c . . . . . . . . . . . . . c . . . . 
A. leptomeria ..................... .. ... . .. c ............. c ... . 
Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs_5_7_ 
Gs 6 9 
Gs_7_1_ 
Gs 10 27 





Ge 18 3 
Gt 1 1 
Gt_3_1 
Gt 6 30 
Gt_7_1 
Gt 7 23 
TT:GAAATGGAGAAAGATAGATATGTGGTATATATCTATCTCTATTGA 
.. c .. . ........ ..... ............................ . 
.. c ... ... .. ...... .. ............ . .. ..... ........ . 
.. c ............................................ . 
.. c .... ... .... .... ............ .............. .. . . 
.. c ............................................ . 
.. C ................. C .................... A .... . . 
.. c ............. . ................... . .......... . 
.. C .......... T ................................. . 
.. c ............................................ . 
.. c . ....... .... ..... ... . . ...................... . 
A. haydenii . . c .. ...... ....... ......... . ................... . 
A. hutchinsonii. . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
A. leptomeria .. A . . . .. . ................. .. ....... ..... ....... . 
Gs_2_30 
Gs 3 3 
Gs 4 11 
Gs_5_7_ 
Gs 6 9 
Gs_7_1_ 
Gs_ 10_2 7 
Gs 9 13 
Ge_1_19 
Ge_4_50 





Gt 6 30 
Gt_7_1 
Gt 7 23 
ATTGCGAATAAAGAAATGATAAAATAATCTTTGATTGAAGCAAATATG 
. ..... . ... .. T . ... ......... .... .... . ..... . .. . . .. . 
A. haydenii ....................................... A ....... . 
A. hutchinsonii . ......... .... ... ...... . ... ...... ............. . . 
A. leptomeria ... .... .. ... .... .... ...... . .. .. . .. ... . ... .. ... . . 
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Gs 2 30 
Gs 3 3 
Gs 4 11 
Gs_5_7_ 
Gs 6 9 
Gs_7_1_ 
Gs 10 27 
Gs 9 13 
Ge_1_19 
Ge_4_50 
Ge 7 33 
Ge_17_9 
Ge 18 3 
Gt 1 1 
Gt_3_1 
Gt 6 30 
Gt _ 7_1 
Gt 7 23 
GTCTCCTATCGAAGATGAAAGAAGATAGGGGAGAAATCCATGAAGAGA 
..................................... T ......... . 
.............. . .... .. ................ T . ........ . 
.. .. . . ..... . ..... .. . ......... .... ... . T ......... . 
..................................... T ... ...... . 
.... .. ..... .. ..... . ..... . .. ...... . ... T ... ...... . 
............. .. . . .. . ................. T ......... . 
.......... .. . ........ ....... ......... T ..... .... . 
.............................. . ...... T ........ . . 
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A. haydenii ............................................... . 
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